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(57) ABSTRACT

A semiconductor device includes the following: a light
measuring strument disposed opposite the display surface
of a display panel provided with a self-emission element,
and disposed for measuring the ambient-light 1lluminance of
the display panel; a storage device configured to store a
plurality of first measurements measured by the light mea-
suring instrument in synchronization with a synchronizing,
signal of the display panel during a plurality of first mea-
surement periods that are shorter than an ON/OFF period of
the selt-emission element; and a calculation unit configured
to calculate the light emission illuminance of the seli-
emission element in accordance with the plurality of first
measurements stored 1n the storage device, and configured
to calculate the ambient-light 1lluminance by subtracting a
value based on the light emission 1lluminance from a second
measurement measured by the light measuring instrument
during a second measurement period that 1s longer than the
plurality of first measurement periods.

9 Claims, 12 Drawing Sheets
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SEMICONDUCTOR DEVICE AND
ELECTRONIC APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATION

The present application claims priority from Japanese
Application JP2021-188892, the content of which 1s hereby

incorporated by reference into this application.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a semiconductor device
and an electronic apparatus that include a light measuring
istrument disposed on the backside of a display panel for
measuring the ambient-light illuminance of the display
panel.

2. Description of the Related Art

An 1lluminance sensor that measures ambient-light 1llu-
minance 1s used for regulating the brightness ol a smart-
phone’s display. Although such an illuminance sensor has
been conventionally disposed above the display to measure
the ambient-light 1lluminance, 1t has been eventually dis-
posed on the backside (back surface or under display) of the
smartphone’s display because of upsizing of the smart-
phone’s display and changing into entire-surface display.

The 1lluminance sensor, when disposed on the display’s
backside, 1s 1rradiated with ambient light as well as light
emitted from the display. Thus, ambient light needs to be
determined by subtracting display’s light from a result
output from the illuminance sensor.

A known celectronic apparatus (United States Patent
Application Publication No. 2021/0056896) includes a dis-
play, and a light sensor disposed on the display’s backside
to receive ambient light that has passed through the display.
The electronic apparatus calculates the ambient-light 1llu-
minance on the basis of a first-subiframe count value and a
second-subirame count value, obtained by integrating a first
sub-frame modulated by at least one modulation parameter
and a second sub-frame modulated by at least one modula-
tion parameter with respect to incident light 1n the light
sensor between vertical synchronizing signals of the display.

SUMMARY OF THE INVENTION

Such a conventional technique as described above unfor-
tunately does not retlect the ON/OFF timing of the light
emission 1n the display.

Display’s light cannot be hence subtracted accurately,
making 1t diflicult to calculate more accurate ambient-light
illuminance.

One aspect of the present invention aims to achieve a
semiconductor device and an electronic apparatus that can
calculate more accurate ambient-light 1lluminance.

To solve the above problem, a semiconductor device
according to one aspect of the present invention includes the
following: a light measuring instrument disposed opposite
the display surface of a display panel provided with a
self-emission element, and disposed for measuring the ambi-
ent-light 1lluminance of the display panel; a storage device
configured to store a plurality of first measurements mea-
sured by the light measuring instrument in synchronization
with a synchronizing signal of the display panel during a
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2

plurality of first measurement periods that are shorter than
an ON/OFF period of the self-emission element; and a
calculation unit configured to calculate the light emission
illuminance of the self-emission element 1n accordance with
the plurality of first measurements stored in the storage
device, and configured to calculate the ambient-light 1llu-
minance by subtracting a value based on the light emission
illuminance from a second measurement measured by the
light measuring instrument during a second measurement
period that 1s longer than the plurality of first measurement
periods.

To solve the above problem, a semiconductor device
according to one aspect of the present invention includes the
following: a light measuring instrument disposed opposite
the display surface of a display panel provided with a
self-emission element, and disposed for measuring the ambi-
ent-light 1lluminance of the display panel; a storage device
configured to store a plurality of first measurements mea-
sured by the light measuring instrument in synchromization
with a synchronizing signal of the display panel during a first
measurement period that 1s shorter than an ON/OFF period
of the self-emission element, and a communication interface
configured to calculate the light emission 1lluminance of the
self-emission element 1n accordance with the plurality of
first measurements, and configured to send the plurality of
first measurements and a second measurement for subtract-
ing a value based on the light emission 1lluminance from the
second measurement measured by the light measuring
istrument during a second measurement period that is
longer than the first measurement period.

To solve the above problem, an electronic apparatus
according to one aspect of the present invention includes the
following: a display panel provided with a self-emission
clement; and a semiconductor device disposed opposite the
display surface of the display panel, wherein the semicon-
ductor device includes the following: a light measuring
instrument for measuring the ambient-light 1lluminance of
the display panel; a storage device configured to store a
plurality of first measurements measured by the light mea-
suring instrument in synchronization with a synchronizing,
signal of the display panel during a first measurement period
that 1s shorter than an ON/OFF period of the self-emission
clement; and a calculation umt configured to calculate the
light emission i1lluminance of the self-emission element 1n
accordance with the plurality of first measurements stored 1n
the storage device, and configured to calculate the ambient-
light illuminance by subtracting a value based on the light
emission 1lluminance from a second measurement measured
by the light measuring instrument during a second measure-
ment period that 1s longer than the first measurement period.

To solve the above problem, a method for measuring
ambient-light 1lluminance according to one aspect of the
present mnvention 1s for measuring the ambient-light 1llumi-
nance of a display panel provided with a self-emission
clement. The method includes the following process steps:
storing, 1n a storage device, a plurality of first measurements
measured by a light measuring instrument disposed opposite
the display surface of the display panel in synchromzation
with a synchromizing signal of the display panel during a first
measurement period that 1s shorter than an ON/OFF period
of the self-emission element; and calculating the light emis-
s1on 1lluminance of the self-emission element in accordance
with the plurality of first measurements stored 1n the storage
device, and calculating the ambient-light i1lluminance by
subtracting a value based on the light emission illuminance
from a second measurement measured by the light measur-
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ing mstrument during a second measurement period that 1s
longer than the first measurement period.

To solve the above problem, a non-transitory computer-
readable medium according to one aspect of the present
invention stores a program based on the method for mea-
suring the ambient-light 1lluminance according to one aspect
ol the present invention.

The aspects of the present invention can offer a semicon-

ductor device and an electronic apparatus that can calculate
more accurate ambient-light 1lluminance.

BRIEF DESCRIPTION OF THE

DRAWINGS

FIG. 1 1s a plan view of an electronic apparatus according
to a first preferred embodiment;

FIG. 2 1s a sectional view taken along line A-A' shown in
FIG. 1;

FIG. 3 1s a block diagram of a semiconductor device
provided in the electronic apparatus;

FIG. 4 1s a block diagram of a modification of the
semiconductor device;

FIG. 5 illustrates, 1n a sectional view, the relationship
between ambient light of the display panel provided in the
clectronic apparatus and light emitted from a self-emission
element;

FIG. 6 1s a graph for describing a measurement period in
a light measuring mstrument provided 1n the semiconductor
device;

FIG. 7 schematically illustrates an aspect where measured
data measured during the measurement period 1s stored 1n a
storage device provided in the semiconductor device;

FIG. 8 1s a flowchart showing the operation of the
clectronic apparatus;

FIG. 9 1s a block diagram of another modification of the
semiconductor device;

FIG. 10 1s a block diagram of further another modification
of the semiconductor device;

FIG. 11 1s a flowchart showing the operation of an
clectronic apparatus according to a second preferred
embodiment;

FIG. 12 1s a graph for describing the operation of an
clectronic apparatus according to a third preferred embodi-
ment; and

FIG. 13 1s a flowchart showing the operation of the
clectronic apparatus.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

First Preterred Embodiment

The following details one embodiment of the present
invention.

FIG. 1 1s a plan view of an electronic apparatus 1
according to the first preferred embodiment. FIG. 2 1s a
sectional view taken along line A-A' shown 1n FIG. 1.

The electronic apparatus 1 includes a display panel 2, and
a semiconductor device 3 disposed opposite a display sur-
tace 18 of the display panel 2. The electronic apparatus 1 can
be, but not limited to, a portable electronic apparatus, such
as a smartphone, a game machine or a watch, or can be, but
not limited to, an 1image display device, such as a TV set, a
personal computer or a monitor. The display panel 2 has the
tollowing: a substrate 9; a thin-film transistor (1FT) layer 10
formed on the substrate 9; an organic electroluminescence
(EL) layer 11 formed on the TFT layer 10; and cover glass
12 formed on the organic EL layer 11.
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4

The organic EL layer 11 has a plurality of pixels 19
disposed 1n rows and columns 1n X- and Y-directions. Each
plxel 19 includes a red light-emitting element 17R (seli-
emission element), a green light-emitting element 17G (seli-
emission element) and a blue light-emitting element 178
(self-emission element) arranged in the X-direction.

The display panel 2 further has the following: a gate
driver 15 for controlling the operation timing of the indi-
vidual light-emitting elements 17R, 17G and 17B; a source
diver 16 for supplying display data to each of the light-
emitting elements 17R, 17G and 17B; and a display circuit
13 that supplies, to the gate driver 15 and semiconductor
device 3, a vertical synchronizing signal (VSYNC) S1
(synchronizing signal) for controlling the operation timing,
a signal that 1s indicative of a light emission duty of each of
the light-emitting elements 17R, 17G and 17B, and other
things, and that supplies a display signal for each of the
light-emitting elements 17R, 17G and 17B to the source
driver 16. The light emitters 17R, 17G and 17B each can be
an organic light-emitting diode (OLED) for instance.

FIG. 3 1s a block diagram of the semiconductor device 3
provided 1n the electronic apparatus 1.

The semiconductor device 3 has the following: a light
measuring 1nstrument 4 for measuring the ambient-light
illuminance of the display panel 2; a storage device 5 for
storing measurements measured by the light measuring
imstrument 4; an AD-conversion circuit 20 that AD-converts
the measurements measured by the light measuring instru-
ment 4; a control unit 21 that writes the measurements
undergone AD-conversion by the AD-conversion circuit 20
into the storage device §; and a communication interface 22
that reads the measurements stored 1n the storage device 5 to
send them to the display circuit 13, which controls the
display panel 2. The display circuit 13 sends a control signal
for controlling the luminance of each of the light-emitting
elements 17R, 17G and 17B to the source driver 16. The
communication interface 22 1s in conformance with an
inter-integrated circuit (I12C) or a serial peripheral interface
(SPI) for instance.

It 1s noted that although the foregoing has described an
instance where the communication interface 22 reads the
measurements stored 1n the storage device 5, the present
invention 1s not limited to this instance. The control unit 21
may read the measurements. FIG. 4 1s a block diagram of a
semiconductor device 3A according to a modification. Com-
ponents similar to those previously described will be
denoted by similar reference signs. The detailed description

of these components will not be repeated.

The semiconductor device 3A includes a control unit 21 A.
The control unit 21A, when reading the measurements
stored 1n the storage device 5, can write and read the
measurements mto and from the storage device 5 and can
send, to the communication interface 22, the measurements
read from the storage device 5, as illustrated 1n FIG. 4.

The light measuring instrument 4 may or may not be
provided for each of the plurality of pixels 19.

The storage device 3 includes the following: a first storage
umt 6 that stores a first measurement measured by the light
measuring instrument 4 in synchromzation with the vertical
synchronizing signal S1 of the display panel 2 during a first
measurement period T1 (FIG. 6) that 1s shorter than an
ON/OFF period of each of the light-emitting elements 17R,
17G and 17B; and a second storage umt 7 that stores a
second measurement measured by the light measuring
instrument 4 during a second measurement period T2 (FIG.
6) that 1s longer than the first measurement period T1. The
first storage unit 6 includes a memory array.
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The display panel 2 has a calculation unit 8 that calculates
the light emission 1lluminance of each of the light-emitting
elements 17R, 17G and 17B 1n accordance with the first
measurement, and that calculates the ambient-light 1llumi-
nance by subtracting a value based on the light emission
illuminance from the second measurement measured by the
light measuring instrument 4 during the second measure-
ment period T2.

It 1s noted that the calculation unit 8 may be incorporated
in the semiconductor device 3, as described later on 1n FIG.
9 and FIG. 10.

FIG. 5 illustrates, in a sectional view, the relationship
between ambient light 23 of the display panel 2 provided in
the electronic apparatus 1 and reflected light 24 of the
display panel 2.

The light measuring instrument 4 of the semiconductor
device 3 receives the ambient light 23 of the display panel
2 passed through the display panel 2, and the reflected light
24 emitted from each of the light-emitting elements 17R,
17G and 17B of the display panel 2 and reflected on the
cover glass 12. This unfortunately causes the light emission
illuminance of each of the light-emitting elements 17R, 17G
and 17B to overlap the ambient-light illuminance that 1s to
be originally measured by the light measuring instrument 4.

FIG. 6 1s a graph for describing the first measurement
periods T1 and second measurement period T2 1n the light
measuring istrument 4 provided in the semiconductor
device 3. FIG. 7 schematically illustrates an aspect where
measured data measured during the first measurement peri-
ods T1 1s stored in the storage device 5 provided in the
semiconductor device 3. FIG. 8 1s a flowchart showing the
operation of the electronic apparatus 1.

The light measuring imstrument 4 measures first measure-
ments 1 synchronization with the vertical synchromzing
signal S1 (synchronizing signal) of the display panel 2
during the first measurement periods 11 that are shorter than
an ON/OFF period TO of each of the light-emitting elements
17R, 17G and 17B.

The ON/OFF period TO includes an OFF period 25
during which the light emission of each of the light-emitting
clements 17R, 17G and 17B remains off, and an ON period
26 during which the light emission remains on. During the
OFF period 25, only the ambient light 23 from outside the
display panel 2 enters the light measuring instrument 4.
During the ON period 26, the reflected light 24 based on
light emitted from each of the light-emitting elements 17R,
17G and 17B 1s added to the ambient light 23 and then enters
the light measuring instrument 4. FIG. 6 illustrates an
instance where the light emission i1n each of the light-
emitting elements 17R, 17G and 17B during the OFF period
25 remains ol completely.

As such, only the ambient light 23 enters the light
measuring nstrument 4 when the first measurement periods
T1 are included 1n the OFF period 25. The retlected light 24
1s added to the ambient light 23 and then enters the light
measuring instrument 4 when the first measurement periods
T1 are included 1n the ON period 26. Whether each of the
plurality of first measurement periods T1 1s included 1n the
OFF period 25 or the ON period 26 can be identified on the
basis of the ON/OFF period TO and the light emission duty
that 1s indicative of the ratio between the OFF period 25 and
the ON period 26.

The luminance of the display panel 2 is controlled by the
light emission duty of each of the light-emitting elements
17R, 17G and 17B. Further, the control unit 21 of the
semiconductor device 3 can identily, based on a signal
supplied from the display circuit 13 and indicative of the
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6

light emission duty, which address 1n the first storage unit 6
cach first measurement with each of the light-emitting
clements 17R, 17G and 17B remaining on 1s stored 1n, as
well as which address 1n the first storage unit 6 each first
measurement with each of the light-emitting elements 17R,
17G and 17B remaining ofl is stored in.

It 1s noted that the horizontal broken line relating to the
ambient light 23 1n FIG. 6 indicates the level of complete
darkness where the illuminance of the ambient light 23
stands at zero lux.

The AD-conversion circuit 20 then AD-converts the first
measurements measured by the light measuring instrument
4 and then supplies the first measurements to the control unit
21. The control unit 21 next stores the first measurements
supplied from the AD-conversion circuit 20 in the first
storage unit 6 of the storage device 5 in order from the start
address.

Each address of the first storage unit 6 does not corre-
spond to the pixel 19 of the light-emitting elements 17R,
17G and 17B. It 1s common to provide the light measuring
instrument 4 that i1s larger than the pixel 19 of the light-
emitting elements 17R, 17G and 17B. The first storage unit
6 stores the first measurements corresponding to the amount
of light entered the light measuring nstrument 4, 1rrespec-
tive of the number of pixels 19.

As describes above, the first storage unit 6 stores the first
measurements 1n order from the start address, which 1s an
address of 0, 1n synchronization with the vertical synchro-
nizing signal S1 during the first measurement periods T1.
Upon occurrence of the next vertical synchronizing signal
S1, the first measurements are overwritten again from the
start address.

For instance, when a first measurement period T1 that
synchronizes with the vertical synchromzing signal S1 1s
repeated 32 times from the zeroth first measurement period
T1 to the thirty-first first measurement period T1, as 1llus-
trated in FIG. 7, the zeroth to second first measurement
periods T1 are OFF measurement periods T4 during which
the light emission in each of the light-emitting elements
17R, 17G and 17B remains ofl. Moreover, the fifth to
seventh first measurement periods T1 are ON measurement
periods T3 during which the light emission remains on. The
ninth to eleventh first measurement periods T1 are OFF
measurement periods T4, during which the light emission
remains oil. The thirteenth to fifteenth first measurement
periods T1 are ON measurement periods 13, during which
the light emission remains on. The seventeenth to nineteenth
first measurement periods T1 are OFF measurement periods
T4, during which the light emission remains oil. The twenty-
first to twenty-third first measurement periods T1 are ON
measurement periods T3, during which the light emission
remains on. The twenty-fifth to twenty-seventh first mea-
surement periods T1 are OFF measurement periods T4,
during which the light emission remains off. The twenty-
ninth to thirty-first first measurement periods 11 are ON
measurement periods T3, during which the light emission
remains on.

It 1s noted that the remaining third, fourth, eighth, twelith,
sixteenth, twentieth, twenty-fourth and twenty-eighth first
measurement periods T1 indicate transient measurement
periods TS during which the light emission possibly
switches from the ON state to the OFF state, or from the
OFF state to the ON state. Thus, the measurements during
these transient periods cannot be used 1n calculation.

Further, the light measuring instrument 4 measures the
second measurement during the second measurement period
12, which 1s longer than the first measurement periods T1.
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Moreover, the AD-conversion circuit 20 AD-converts the
second measurement measured by the light measuring
instrument 4 and then supplies the second measurement to
the control unit 21. The control unit 21 next stores the
second measurement supplied from the AD-conversion cir-
cuit 20 1n the second storage unit 7 of the storage device 5.

The second storage unit 7 stores the second measurement
measured during the second measurement period T2. The
second measurement 1s overwritten 1n the second storage
unit 7 every time the second measurement 1s measured.

Moreover, the communication interface 22 sends the first
measurements stored in the first storage unit 6 and the
second measurement stored 1n the second storage unit 7 to
the calculation unit 8.

The calculation unit 8 next calculates the light emission
illuminance of each of the light-emitting elements 17R, 17G
and 17B on the basis of the first measurements sent from the
communication interface 22 and calculates the ambient-light
illuminance by subtracting a value based on the light emis-
sion 1lluminance from the second measurement sent from
the communication interface 22.

The calculation unit 8 calculates the light emission illu-

minance of each of the light-emitting elements 17R, 17G
and 17B by subtracting, based on the light emission duty of
cach of the light-emitting elements 17R, 17G and 17B, the
first measurements with each light-emitting element remain-
ing ofl from the first measurements with each light-emitting
clement reaming on.

The first storage unit 6 stores a measurement where the
reflected light 24 based on each of the light-emitting ele-
ments 17R, 17G and 17B during the first measurement
periods T1 and the ambient light 23 during the first mea-
surement periods T1 are added. The second storage unit 7
stores a measurement where the reflected light 24 based on
cach of the light-emitting elements 17R, 17G and 17B
during the second measurement period 12 and the ambient
light 23 during the second measurement period T2 are
added. However, a measurement of the ambient light 23 1s
stored during the zeroth to second first measurement periods
11, the ninth to eleventh first measurement periods 11, the
seventeenth to nineteenth first measurement periods T1 and
the twenty-fifth to twenty-seventh first measurement periods
11, 1n all of which each of the light-emitting elements 17R,
17G and 17B does not emit light.

The control unit 21 determines address information for
reading first measurement information from the first storage
unit 6 by reflecting ON/OFF information based on the light
emission duty of each of the light-emitting elements 17R,
17G and 17B. For instance, the control unit 21 determines
address information for identifying which address each first
measurement with each light-emitting element remaining off
are stored 1n, and which address each first measurement with
cach light-emitting element remaining on are stored 1n.

The control unit 21 reads the first measurements from the
first storage unit 6 by using the determined address infor-
mation.

The control unit 21 defines a first measurement (e.g., the
first measurement 1n an address of 6 of the first storage unit
6) with each of the light-emitting elements 17R, 17G and
17B remaining on as OLED_ON and i1dentifies 1ts address
with the light-emitting element remaining on. The control
unit 21 also defines a first measurement (e.g., the first
measurement in an address of 1 of the first storage unit 6)
with each of the light-emitting elements 17R, 17G and 17B
remaining ofl as OLED_OFF and i1dentifies 1ts address with
the light-emitting element remaiming off.
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The calculation unit 8 preferably calculates an average
value of the first measurements read from the respective
addresses of OLED_ON 1in the first storage unit 6. The
calculation unit 8 also preferably calculates an average value
of the first measurements read from the respective addresses
of OLED_OFF 1n the first storage unit 6. Accordingly, a
more stable OLED ON value and a more stable OLED
OFF value can be determined.

The calculation unit 8 determines OLED mag, which
indicates the light emission intensity of each of the light-
emitting elements 17R, 17G and 17B, through Expression 1
below by using the first measurements with each light-
emitting element remaining on, and the first measurements
with each light-emitting element remaining off.

OLED_mag=0OLED_on-OLED_off Expression 1

The calculation unit 8 also determines the ambient-light
illuminance through Expression 2 below.

Ambient-light illuminance=measurement in second
storage unit—-OLED_magx(second measurement

period 72/(first measurement period 71x2)) Expression 2

The calculation unit 8 calculates the light emission 1llu-
minance of each of the light-emitting elements 17R, 17G
and 17B by subtracting, based on the light emission duty of
cach of the light-emitting elements 17R, 17G and 17B, the
first measurements with each of the light-emitting elements
17R, 17G and 17B remaining ofl from the first measure-
ments with each of the light-emitting elements 17R, 17G and
17B remaining on.

The ON/OFF period T0 includes the ON period 26, during
which each of the light-emitting elements 17R, 17G and 17B
remains on, and the OFF period 25, during which each of the
light-emitting elements 17R, 17G and 17B remains ofl.

Some of the plurality of first measurement periods 11 are
ON measurement periods 13 for measurement during the
ON period 26. Some of the plurality of first measurement
periods T1 are OFF measurement periods T4 for measure-
ment during the OFF period 25. The remaining first mea-
surement periods T1 are transient measurement periods T35,
during which the ON period 26 possibly switches to the OFF
period 25, or the OFF period 25 possibly switches to the ON
period 26.

The first storage unit 6 stores the plurality of first mea-
surements 1n order from the start address.

Moreover, the calculation umt 8 calculates the light
emission 1lluminance of each of the light-emitting elements
17R, 17G and 17B by subtracting the {irst measurements
measured during the OFF measurement periods T4 from the
first measurements measured during the ON measurement
periods T3.

The calculation unit 8 calculates the ambient-light 1llu-
minance by subtracting a value based on the light emission
illuminance, first measurement periods T1 and second mea-
surement period T2 from the second measurement.

FIG. 8 1s a flowchart showing the operation of the
clectronic apparatus 1.

Firstly, the first measurements are measured by the light
measuring istrument 4 during the first measurement periods
T1 1n synchronization with the vertical synchronizing signal
S1 of the display panel 2. The control umt 21 then stores the
first measurements 1n the first storage unit 6 1n order from
the start address.

Next, the second measurement 1s measured by the light
measuring 1nstrument 4 during the second measurement
period T2 1n synchronization with the vertical synchronizing
signal S1. The control unit 21 stores the second measure-
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ment 1n the second storage unit 7. The second measurement
pertod T2 may last for equal to or shorter than the interval
between the vertical synchronizing signals S1 or may last for
longer than the interval between the vertical synchronizing
signals S1. Indoor light typically undergoes superimposition
of oscillations of 100 Hz or 120 Hz, which 1s double the
commercial power supply frequency, 1.e., 50 Hz or 60 Hz;
accordingly, the influence of the oscillations of this fre-
quency can be eliminated when the second measurement
period T2 1s set at 100 ms.

Next (Step S11), the control unit 21 determines addresses
for read 1n the first storage unit 6 by using the light emission
duty of each of the light-emitting elements 17R, 17G and
17B.

Then (Step S12), the control unit 21 reads the first
measurements OLED ON and the first measurements
OLED_OFF from the first storage unit 6 and reads the
second measurement from the second storage unit 7.

The communication interface 22 then sends the first
measurements OLED ON, first measurements OLED OFF
and second measurement read by the control unit 21 to the
calculation unit 8.

Next (Step S13), the calculation unit 8 determines the
light emission intensity OLED _mag of each of the light-
emitting elements 17R, 17G and 17B on the basis of the first
measurements OLED ON and the first measurements
OLED OFF sent from the communication interface 22.

Then (Step S14), the calculation unmit 8 calculates the
ambient-light 1lluminance through foregoing Expression 2
by using the second measurement sent from the communi-
cation iterface 22, and the light emission intensity OLED _
mag of each of the light-emitting elements 17R, 17G and
17B.

FIG. 9 1s a block diagram of a semiconductor device 3B
according to another modification. Components similar to
those previously described will be denoted by similar ref-
erence signs. The detailed description of these components
will not be repeated.

The semiconductor device 3B includes the calculation
unit 8. The calculation unit 8 calculates the light emission
illuminance of each of the light-emitting elements 17R, 17G
and 17B 1n accordance with first measurements stored 1n the
first storage unit 6 and calculates the ambient-light 1llumi-
nance by subtracting a value based on the light emission
illuminance from a second measurement stored 1n the sec-
ond storage unit 7. The communication interface 22 sends
the ambient-light 1lluminance calculated by the calculation
unit 8 to the display circuit 13, which controls the display
panel 2.

As described above, the calculation unit 8 may be pro-
vided 1n the semiconductor device 3A instead of the display
panel 2.

FIG. 10 1s a block diagram of a semiconductor device 3C
according to further another modification. Components
similar to those previously described will be denoted by
similar reference signs. The detailed description of these
components will not be repeated.

The semiconductor device 3C includes a control unit 21C.
The control unit 21C writes and reads measurements nto
and from the storage device 5 and supplies the measure-
ments read from the storage device 5 to the calculation unit
8. The control umt 21C also supplies the ambient-light
illuminance calculated by the calculation unit 8 to the
communication interface 22. The communication interface
22 also sends the ambient-light 1lluminance calculated by
the calculation unit 8 to the display circuit 13, which
controls the display panel 2.
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Second Pretferred Embodiment

The following describes another preferred embodiment of
the present invention. It 1s noted that for convenience in
description, components having the same functions as com-
ponents described in the foregoing preferred embodiment
will be denoted by the same signs, and their description will
not be repeated.

FIG. 11 1s a flowchart showing the operation of an

clectronic apparatus according to the second preferred
embodiment.

In the second preferred embodiment, no address informa-
tion synchronizing with the vertical synchronizing signal S1
1s provided; the ambient-light illuminance 1s calculated by
reading measurements during all the first measurement
periods T1 between the vertical synchronizing signals S1.

The following describes the operation of the electronic
apparatus according to the second preferred embodiment

that 1includes the semiconductor device 3C shown in FIG.
10. The control unit 21C reads (Step S21) all first measure-
ments stored 1n addresses of 0 to 31 of the first storage unit
6 within a period between the vertical synchronizing signals
S1. Next (Step S22), the calculation unit 8 selects a maxi-
mum value and a minimum value from among all the first
measurements within the period between the vertical syn-
chronizing signals S1.

Next (Step S23), the calculation unit 8 sets the maximum
value to a first measurement OLED ON, sets the minimum
value to a first measurement OLED OFF and determines the
light emission intensity, OLED_mag, of each of the light-
emitting elements 17R, 17G and 17B on the basis of the first
measurement OLED ON and first measurement OLED
OFF.

Then (Step S24), the calculation unit 8 calculates the
ambient-light 1lluminance through foregoing Expression 2
by using a second measurement and the light emission
intensity OLED_mag of each of the light-emitting elements
17R, 17G and 17B.

The communication interface 22 then sends the ambient-
light 1lluminance calculated by the calculation unit 8 to the
display circuit 13, which controls the display panel 2.

When the electronic apparatus according to the second
preferred embodiment 1ncludes the semiconductor device
3B shown 1n FIG. 9, the calculation unit 8 reads all the first
measurements stored in the first storage unit 6. When the
clectronic apparatus includes the semiconductor device 3
shown 1n FIG. 3, the communication interface 22 reads all
the first measurements stored in the first storage unit 6.
When the electronic apparatus includes the semiconductor
device 3A shown 1in FIG. 4, the control unit 21 A reads all the
first measurements stored in the first storage unit 6.

As described above, the calculation unit 8 selects a
maximum value and a minimum value from among the first
measurements read from the first storage unit 6 and calcu-
lates the light emission illuminance of each of the light-
emitting elements 17R, 17G and 17B by subtracting the
minimum value from the maximum value.

Third Prefterred Embodiment

FIG. 12 1s a graph for describing the operation of an
clectronic apparatus according to the third preferred embodi-
ment. FIG. 13 1s a flowchart showing the operation of the
clectronic apparatus. Components similar to those previ-
ously described will be denoted by similar reference signs.
Their detailed description will not be repeated.
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The third preferred embodiment describes how to calcu-
late the ambient-light 1lluminance when the light emission 1n
cach of the light-emitting elements 17R, 17G and 17B does
not completely turn off.

FIG. 12 illustrates a case where the light emission i each
of the light-emitting elements 17R, 17G and 17B does not
completely turn ofl during the OFF period 25. In this case,
the reflected light 24 based on light emitted from each of the
light-emitting elements 17R, 17G and 17B 1s added to the
ambient light 23 and then enters the light measuring instru-
ment 4 during the OFF period 25, thus compensating for the
ambient-light 1lluminance with a predetermined compensa-
tion coeilicient based on light that always enters the light
measuring instrument 4.

The following describes an instance where the electronic
apparatus according to the third preferred embodiment
includes the semiconductor device 3C shown in FIG. 10.

Firstly, first measurements are measured by the light
measuring instrument 4 during the first measurement periods
T1 1n synchronization with the vertical synchronizing signal
S1 of the display panel 2, and a second measurement 1s
measured by the light measuring nstrument 4 during the
second measurement period T2 1n synchronization with the
vertical synchromzing signal S1. Then, the control umt 21C
stores the first measurements in the first storage unit 6 1n
order from the start address and stores the second measure-
ment 1 the second storage unit 7. Then (Step S31), the
control unit 21C determines addresses for read in the first
storage unit 6 by using the light emission duty of each of the
light-emitting elements 17R, 17G and 17B.

Then (Step S32), the control unit 21C reads the first
measurements OLED ON and the first measurements
OLED_OFF from the first storage unit 6 and reads the
second measurement from the second storage unit 7.

Next (Step S33), the calculation umt 8 determines the
light emission intensity OLED _mag of each of the light-
emitting elements 17R, 17G and 17B on the basis of the first
measurements OLED ON and the first measurements
OLED_OFF.

Then (Step S34), the calculation unit 8 calculates the
ambient-light 1lluminance through Expression 3 below by

using the second measurement and the light emission nten-
sity OLED_mag of each of the light-emitting elements 17R,
17G and 17B.

Ambient-light illuminance=measurement 1n second
storage unit—-OLDE_magx(second measurement
period 72/(first measurement period 71x2))-

compensation coeflicient Expression 3

The above compensation coeflicient 1s a coetlicient cor-
responding to light that always enters the light measuring,
instrument 4 during the OFF period 235 and the ON period
26. The compensation coeflicient 1s a value that depends on
the size of the light measuring instrument 4 and the lumi-
nance of the display panel 2 and 1s a value that 1s determined
in advance through actual measurement.

As described above, when the light emission in each of
the light-emitting elements 17R, 17G and 17B does not
completely turn off, the calculation unit 8 calculates the
ambient-light 1lluminance 1n accordance with a compensa-
tion coellicient that 1s for compensating for the influence of
light that 1s always mput to the light measuring instrument
4.

Implementation by Software

The functions of the calculation unit 8 and control unit 21
(heremaftter referred to as a devise) 1n the electronic appa-
ratus 1 can be implemented by programs that are for a
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computer to function as the device and that are for the
computer to function as each control block 1n the device.

The device 1n this case includes a computer that has, as
hardware for executing the programs, at least one control
device (e.g., a processor) and at least one storage device
(e.g., a memory). Executing the programs by using these
control device and storage device implements the functions
described in the foregoing respective preferred embodi-
ments.

The programs may be stored 1n one or more non-transi-
tory computer-readable storage media. These storage media
may or may not be icluded 1n the foregoing device. When
the storage media are not included 1n the device, the pro-
grams may be supplied to the device via any wired or
wireless transmission medium.

The function of each control block 1n part or 1n whole can
be implemented by a logic circuit. For instance, an inte-
grated circuit provided with logic circuits that function as
the individual control blocks 1s also included 1n the scope of
the present invention. Other than the foregoing, the func-
tions of the mndividual control blocks can be implemented by
a quantum computer for instance.

SUMMARY

A semiconductor device 3A according to a first aspect of
the present invention includes the following: a light mea-
suring istrument 4 disposed opposite a display surface 18
of a display panel 2 provided with a self-emission element
(light-emitting element 17R, 17G, 17B), and disposed for
measuring the ambient-light 1lluminance of the display panel
2; a storage device 5 configured to store a plurality of first
measurements measured by the light measuring instrument
4 1n synchronization with a synchronizing signal (vertical
synchronizing signal S1) of the display panel 2 during a
plurality of first measurement periods T1 that are shorter
than an ON/OFF period T0 of the self-emission element
(light-emitting element 17R, 17G, 17B); and a calculation
unit 8 configured to calculate the light emission illuminance
of the self-emission element (light-emitting element 17R,
17G, 17B) 1 accordance with the plurality of first measure-
ments stored in the storage device 5, and configured to
calculate the ambient-light illuminance by subtracting a
value based on the light emission 1lluminance from a second
measurement measured by the light measuring instrument 4
during a second measurement period T2 that 1s longer than
the plurality of first measurement periods T1.

In the foregoing configuration, the light measuring instru-
ment, disposed opposite the display surface of the display
panel provided with the self-emission element, measures the
first measurements 1n synchronization with the synchroniz-
ing signal of the display panel during the first measurement
periods, which are shorter than the ON/OFF period of the
self-emission element. The first measurements measured by
the light measuring instrument are then stored 1n the storage
device. The light emission 1lluminance of the self-emission
clement 1s next calculated 1n accordance with the first
measurements stored 1n the storage device. The ambient-
light 1lluminance 1s then calculated by subtracting the value
based on the light emission i1lluminance from the second
measurement, measured by the light measuring instrument
during the second measurement period, which is longer than
the first measurement periods.

Accordingly, the light emission i1lluminance of the seli-
emission element can be subtracted accurately from the
second measurement, measured by the light measuring
instrument during the second measurement period, 1n accor-
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dance with the synchronizing signal of the display panel.
This can achieve a semiconductor device that can calculate
more accurate ambient-light 1lluminance.

The semiconductor device 3A according to a second
aspect of the present invention 1s preferably configured, 1n
the first aspect, such that the calculation unit 8 calculates the

light emission illuminance of the self-emission element
(light-emitting element 17R, 17G, 17B) by subtracting,
based on a light emission duty of the self-emission element
(light-emitting element 17R, 17G, 17B), the plurality of first
measurements with the self-emission element (light-emit-
ting element 17R, 17G, 17B) remaining ofl from the plu-
rality of first measurements with the self-emission element
(light-emitting element 17R, 17G, 17B) remaiming on.

The foregoing configuration enables the light emission
illuminance of the self-emission element to be subtracted
accurately based on the light emission duty of the seli-
emission element.

The semiconductor device 3A according to a third aspect
of the present invention 1s preferably configured, in the first
aspect, such that the calculation unit reads the plurality of
first measurements stored in the storage device, selects a
maximum value and a minimum value from among the
plurality of first measurements read, and calculates the light
emission 1lluminance of the self-emission element by sub-
tracting the mimimum value from the maximum value.

The foregoing configuration eliminates the need for
address information about the first measurements based on
the synchronizing signal of the display panel and on the light
emission duty of the self-emission element, thereby enabling
the light emission i1lluminance of the self-emission element
to be subtracted with a simple configuration.

The semiconductor device 3A according to a fourth aspect
of the present invention 1s preferably configured, in any one
of the first to third aspects, such that when the light emission
in the self-emission element (light-emitting element 17R,
17G, 17B) does not completely turn ofl, the calculation unit
8 calculates the ambient-light 1lluminance 1n accordance
with a compensation coeflicient for compensating for the
influence of light that 1s always input to the light measuring
instrument 4.

The foregoing configuration enables calculation of the
ambient-light 1lluminance of a display panel that includes a
self-emission element where illuminance does not stand at
zero during an OFF period.

The semiconductor device 3A according to a fifth aspect
of the present invention 1s preferably configured, in the
second aspect, such that the ON/OFF TO period includes an
ON period 26 during which the self-emission element (light-
emitting element 17R, 17G, 17B) remains on, and an OFF
pertod 25 during which the self-emission element (light-
emitting element 17R, 17G, 17B) remains off, such that
some of the plurality of first measurement periods T1 are ON
measurement periods T3 for measurement during the ON
period 26, some of the plurality of first measurement periods
T1 are OFF measurement periods T4 for measurement
during the OFF period 25, and the plurality of remaining first
measurement periods 11 are transient measurement periods
25 during which the ON period 26 possibly switches to the
OFF period 25, or the OFF period 25 possibly switches to
the ON period 26, such that the storage device 3 stores the
plurality of first measurements in order from a start address,
and such that the calculation unit 8 calculates the light
emission illuminance of the self-emission element (light-
emitting element 17R, 17G, 17B) by subtracting the plural-
ity of first measurements measured during the OFF mea-
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surement periods T4 from the plurality of first measurements
measured during the ON measurement periods 13.

The foregoing configuration enables the first measure-
ments with the self-emission element remaining off to be
subtracted from the first measurements with the self-emis-
sion element remaining on.

The semiconductor device 3A according to a sixth aspect
ol the present mnvention i1s configured, in the second aspect,
such that the calculation unit 8 calculates the ambient-light
illuminance by subtracting, {from the second measurement, a
value based on the light emission 1lluminance, the plurality
ol first measurement periods 11 and the second measure-
ment period T2.

The foregoing configuration enables calculation of more
accurate ambient-light 1lluminance.

The semiconductor device 3A according to a seventh
aspect of the present invention 1s preferably configured, 1n
any one of the first to sixth aspects, such that the storage
device 5 includes a first storage unit 6 configured to store the
plurality of first measurements, and a second storage unit 7
configured to store the second measurement.

The foregoing configuration enables the ambient-light
illuminance to be calculated based on the first measurements
stored 1n the first storage unit and the second measurement
stored 1n the second storage unit.

A semiconductor device 3 according to an eighth aspect of
the present invention includes the following: a light mea-
suring istrument 4 disposed opposite a display surface 18
of a display panel 2 provided with a self-emission element
(light-emitting element 17R, 17G, 17B), and disposed for
measuring the ambient-light 1lluminance of the display panel
2; a storage device 5 configured to store a plurality of first
measurements measured by the light measuring instrument
4 1n synchronization with a synchronizing signal (vertical
synchronizing signal S1) of the display panel 2 during a first
measurement period 11 that i1s shorter than an ON/OFF
period TO of the self-emission element (light-emitting ele-
ment 17R, 17G, 17B); and a communication interface 22
configured to calculate the light emission 1lluminance of the
self-emission element (light-emitting element 17R, 17G,
17B) 1n accordance with the plurality of first measurements,
and configured to send the plurality of first measurements
and a second measurement for subtracting a value based on
the light emission i1lluminance from the second measurement
measured by the light measuring instrument 4 during a
second measurement period T2 that i1s longer than the first
measurement period T1.

An electronic apparatus 1 according to a ninth aspect of
the present invention includes the following: a display panel
2 provided with a self-emission element (light-emitting
clement 17R, 17G, 17B); and a semiconductor device 3
disposed opposite a display surface 18 of the display panel
2, wherein the semiconductor device 3 includes the follow-
ing: a light measuring instrument 4 for measuring the
ambient-light 1lluminance of the display panel 2; a storage
device configured to store a plurality of first measurements
measured by the light measuring instrument 4 1n synchro-
nization with a synchronizing signal (vertical synchronizing
signal S1) of the display panel 2 during a first measurement
period T1 that 1s shorter than an ON/OFF TO period of the
self-emission element (light-emitting element 17R, 17G,
17B); and a calculation unit 8 configured to calculate light
emission illuminance of the self-emission element (light-
emitting element 17R, 17G, 17B) 1n accordance with the
plurality of first measurements stored 1n the storage device
5, and configured to calculate the ambient-light 1lluminance
by subtracting a value based on the light emission 1llumi-
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nance from a second measurement measured by the light
measuring 1nstrument 4 during a second measurement
period T2 that 1s longer than the first measurement period
T1.

A method for measuring ambient-light illuminance
according to a tenth aspect of the present imnvention 1s for
measuring the ambient-light 1lluminance of a display panel
2 provided with a self-emission element (light-emitting
clement 17R, 17G, 17B). The method 1includes the following
process steps: storing, 1n a storage device 5, a plurality of
first measurements measured by a light measuring instru-
ment 4 disposed opposite a display surface 18 of the display
panel 2 1n synchronization with a synchronizing signal
(vertical synchronizing signal S1) of the display panel 2
during a first measurement period that 1s shorter than an
ON/OFF period TO of the self-emission element (light-
emitting element 17R, 17G, 17B); and calculating the light
emission illuminance of the self-emission element (light-
emitting element 17R, 17G, 17B) 1n accordance with the
plurality of first measurements stored 1n the storage device
5, and calculating the ambient-light 1lluminance by subtract-
ing a value based on the light emission illuminance from a
second measurement measured by the light measuring
instrument 4 during a second measurement period 12 that 1s
longer than the first measurement period T1.

A non-transitory computer-readable medium according to
an eleventh aspect of the present mnvention stores a program
based on the method for measuring the ambient-light 1llu-
minance according to the tenth aspect of the present inven-
tion.

The present invention 1s not limited to the foregoing
preferred embodiments. Various modifications can be
devised with the scope of the claims. A preferred embodi-
ment that 1s obtained 1n combination, as appropriate, with
the technical means disclosed 1n the respective preferred
embodiments 1s also included in the technical scope of the
present invention. Furthermore, combining the technical
means disclosed 1n the respective preferred embodiments
can form a new technical feature.

While there have been described what are at present
considered to be certain embodiments of the invention, it
will be understood that various modifications may be made
thereto, and 1t 1s intended that the appended claims cover all
such modifications as fall within the true spirit and scope of
the 1nvention.

What 1s claimed 1s:

1. A semiconductor device comprising;:

a light measuring mstrument disposed opposite a display
surface of a display panel provided with a self-emission
clement, and disposed for measuring ambient-light
illuminance of the display panel;

a storage device configured to store a plurality of first
measurements measured by the light measuring instru-
ment 1n synchronization with a synchronmizing signal of
the display panel during a plurality of first measure-
ment periods that are shorter than an ON/OFF period of
the self-emission element; and

a calculation unit configured to calculate light emission
illuminance of the self-emission element 1n accordance
with the plurality of first measurements stored in the
storage device, and configured to calculate the ambient-

light 1lluminance by subtracting a value based on the

light emission i1lluminance from a second measurement

measured by the light measuring instrument during a

second measurement period that 1s longer than the

plurality of first measurement periods.
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2. The semiconductor device according to claim 1,
wherein the calculation unit calculates the light emission
illuminance of the self-emission element by subtracting,
based on a light emission duty of the self-emission element,
the plurality of first measurements with the self-emission
clement remaining off from the plurality of first measure-
ments with the self-emission element remaining on.

3. The semiconductor device according to claim 2,
wherein

the ON/OFF period includes an ON period during which
the self-emission element remains on, and an OFF
period during which the self-emission element remains
Oll,

a first set of the plurality of first measurement periods are
ON measurement periods for measurement during the
ON period, a second set of the plurality of first mea-
surement periods are OFF measurement periods for
measurement during the OFF period, and first measure-
ment periods in the plurality of first measurement
periods other than the first and second sets of the
plurality of first measurement periods are transient
measurement periods during which the ON period 1s
switchable to the OFF period, or the OFF period 1s
switchable to the ON period,

the storage device stores the plurality of first measure-
ments 1n an order from a start address, and

the calculation unit calculates the light emission 1llumi-
nance of the self-emission element by subtracting the
second set of the plurality of first measurements mea-
sured during the OFF measurement periods from the
first set of the plurality of first measurements measured
during the ON measurement periods.

4. The semiconductor device according to claim 2,
wherein the calculation unit calculates the ambient-light
illuminance by subtracting, {from the second measurement, a
value based on the light emission 1lluminance, the plurality
of first measurement periods, and the second measurement
period.

5. The semiconductor device according to claim 1,
wherein the calculation unit reads the plurality of first
measurements stored in the storage device, selects a maxi-
mum value and a mimmum value from among the plurality
of first measurements read, and calculates the light emission
illuminance of the self-emission element by subtracting the
minimum value from the maximum value.

6. The semiconductor device according to claim 1,
wherein when light emission 1n the self-emission element
does not completely turn off, the calculation unit calculates
the ambient-light 1lluminance 1n accordance with a compen-
sation coellicient for compensating for an influence of light
that 1s always input to the light measuring nstrument.

7. The semiconductor device according to claim 1,
wherein the storage device includes a first storage umit
configured to store the plurality of first measurements, and
a second storage unit configured to store the second mea-
surement.

8. A semiconductor device comprising;

a light measuring mstrument disposed opposite a display
surface of a display panel provided with a self-emission
clement, and disposed for measuring ambient-light
illuminance of the display panel;

a storage device configured to store a plurality of first
measurements measured by the light measuring instru-
ment 1n synchromzation with a synchronizing signal of
the display panel during a plurality of first measure-
ment periods that are shorter than an ON/OFF period of
the self-emission element; and
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a communication interface configured to calculate light
emission illuminance of the self-emission element 1n
accordance with the plurality of first measurements,
and configured to send the plurality of first measure-
ments and a second measurement for subtracting a
value based on the light emission illuminance from the
second measurement measured by the light measuring
instrument during a second measurement period that 1s
longer than the plurality of first measurement periods.

9. An electronic apparatus comprising:

a display panel provided with a self-emission element;
and

a semiconductor device disposed opposite a display sur-

face of the display panel,
wherein the semiconductor device includes:

a light measuring mstrument for measuring ambient-
light 1lluminance of the display panel,

10
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a storage device configured to store a plurality of first

measurements measured by the light measuring
instrument 1n synchronization with a synchronizing
signal of the display panel during a plurality of first
measurement periods that are shorter than an
ON/OFF period of the self-emission element, and

a calculation unit configured to calculate light emission

illuminance of the self-emission element 1 accor-
dance with the plurality of first measurements stored
in the storage device, and configured to calculate the
ambient-light 1lluminance by subtracting a value
based on the light emission 1lluminance from a
second measurement measured by the light measur-
ing mnstrument during a second measurement period
that 1s longer than the plurality of first measurement
periods.
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